Abstract. We present the potential for discovering the Standard Model Higgs boson produced by the vector-boson fusion mechanism. We considered the decay of Higgs bosons into the W + W − final state, with both W -bosons subsequently decaying leptonically. The main background is tt with one or more jets produced. This study is based on a full simulation of the CMS detector, and up-to-date reconstruction codes. The result is that a signal of 5σ significance can be obtained with an integrated luminosity of 12 − 72 f b −1 for Higgs boson masses between 130 < mH < 200 GeV . In addition, the major background can be measured directly to 7% from the data with an integrated luminosity of 30 f b −1 . In this study, we suggested a method to obtain information in Higgs mass using the transverse mass distributions.
Introduction
One of the primary goals of CMS is to prove or disprove Higgs boson of the Standard Model, and is responsible for electroweak symmetry-breaking. The mass of such a
Higgs must also satisfy these constraints approximately.
In the Minimal Supersymmetric extension of the Standard Model (MSSM), there is a more stringent bound coming from the internal constraints of the theory; the lightest Higgs boson must have a mass less than about 135 GeV.
For these reasons, we focus on the mass region 120 < m H < 200 GeV.
The two main decay modes of the Standard Model
Higgs boson in this mass range are h → bb and h → W + W − . In the latter case, one of the W bosons may be off the mass shell. If the Higgs boson is heavier than about 135 GeV, the W W * branching fraction will dominate, but it can be important for masses as low as 120 GeV. In this study, we consider the decay h → W W * with the subsequent decay of the W -bosons to two charged leptons.
Higgs bosons may be produced in pp collisions when radiated off the virtual W -boson that is exchanged in the t-
channel -this is called "Vector Boson Fusion" (VBF). The
Feynman diagram for this process is shown in Fig. 1 . This channel has good prospects for the discovery of a Standard Model Higgs boson, especially if it is not too heavy because of the distinctive VBF topology which contains two jets with small angles with respect to the beam axis.
Furthermore, when the Higgs decays to two W -bosons, the presence of the hW W vertex both in production and decay of the Higgs boson gives a relatively clean determination to the hW W coupling. Given the Higgs mass the Standard Model(SM) is completely determined, so that a measure of hW W coupling over-constrains the SM. This will be crucial to establishing the origin of electroweak symmetry breaking.
The VBF mechanism was proposed as a potential discovery channel several years ago [3] . Our initial study of this channel for the CMS detector was carried out in 2002 [4] , with a number of simplifications. The conclusion of this previous CMS study was that a convincing signal for a
Higgs boson with a mass of 120 GeV would be observed with about 70 fb −1 . In the present study, we repeat the entire analysis in the mass range 120-200 GeV, using the latest simulation and reconstruction software for CMS in order to verify and improve the 2002 study. A similar study of this channel for the ATLAS detector was performed in 2004 using different generators and slightly different cuts [5] . 
Event Generation
The signal process and the W + W − jj background have been simulated on the basis of a matrix-element calculation using MadGraph [6] . For the ttj background, we used the AlpGen [7] package which correctly simulates spin correlations. We simulated the parton showers using Pythia [8] . MadGraph and AlpGen calculations are made leading order (LO). The parton distribution functions used by MadGraph and AlpGen are CTEQ6L1 and CTEQ5L1 respectively. The minimum transverse momentum cut on jets is 15 GeV, and the jet pseudo-rapidity is limited to |η| < 5. We required a separation of any jet pair, namely, ∆R > 0.5, where ∆R = (∆η) 2 + (∆φ) 2 .
Next-to-leading order (NLO) cross-sections differ from 
Reconstruction
We processed the generated events through the CMS detector simulation software which is based on the Geant-4 simulation of the CMS detector. We simulated pile-up from out-of-time interactions representing the low luminosity LHC running condition (∼ 2 × 10 33 cm −2 s −1 ). Sub-sequently, we processed digitized information (digis) using the CMS event reconstruction software.
Trigger
We refer to Ref.
[10] for the presently planned trigger table. The inclusive single electron trigger has an E Tthreshold of 26 GeV, which is too high for our purposes.
Therefore we will augment this trigger with the di-electron trigger, which has a threshold of 12 GeV for both electrons. The p T -threshold for the inclusive single muon trigger is 19 GeV, which is well suited to this analysis. Concerning the e-µ channel, we plan to use the e+µ di-lepton trigger, which will have a threshold of 10 GeV for each lepton. The efficiency for the L1+HLT trigger with respect to our offline cuts varies from about 95% to 99% based on Ref. [11] . This presents no significant effect at the current state of our analysis.
There will be lepton+jet triggers that should be very useful for this analysis if lower lepton thresholds are needed.
However, since the details for these triggers are not available at this time, we have based our study solely on the leptonic triggers.
Lepton Reconstruction and Identification
We have used standard packages and selection criteria for muon and electron identification. Below, we describe our assessment of the identification efficiency.
Muons
We use the "global" muon reconstruction, which takes muons found in the muon chambers (drift tubes, cathode strip chambers, and RPC's), and extrapolates them into the silicon tracker to pick up additional hits and better define the kinematics. This extrapolation takes into account the energy lost by the muon as well as multiple scattering.
Muons are found within |η| < 2.4. The overall muon reconstruction efficiency in this angular range is ≈ 95% for 10 < p T < 30 GeV and 97% for p T > 30 GeV .
Electrons
Electrons are reconstructed by combining super-clusters [12, 13] and Kalman tracks [14] . The tracks entering this sum must have at least four hits, p T > 0.9 GeV, and |z trk − z e | < 0.4 cm, where z is the position of the track along the beam line. We place the requirement that this isolation ratio be smaller than 0.2.
The overall single electron efficiency for electron isolation and identification is ≈ 80% for 10 < p T < 30 GeV and ≈ 90% for p T > 30 GeV. The electron fake rate per jet is ≈ 3% for 10< p j T <30 GeV and less than ≈ 0.1% for p j T > 120 GeV calculated using the jets from W decay in the associated production and using the forward jets in the qqH sample.
Jet and Missing E T Reconstruction and Correction
The cell-level thresholds are set at least 2σ above the noise level to remove the effects of calorimeter noise fluctuations in jet reconstruction. This is important since we are mainly dealing with quite low-p T jets in the current study.
We reconstructed the jets using the "Iterative Cone" algorithm, with a cone size of ∆R = 0.5 and a cone seed E T cut of 1 GeV. We removed the jets from an event if they match a reconstructed electron within a cone of
We calibrated the reconstructed jets using the qqH sig- In the analysis, we used missing E T ( E T ) calculated from calorimeter hits. We corrected the E T using the sum of the E T difference between the corrected and uncorrected jets for which the corrected jets have E T > 30 GeV.
Event Selection
The strategy of the analysis is not complicated. We select events with two forward jets separated by a large rapidity difference, veto any event with additional central jets, and demand two energetic, isolated leptons in the central region. Finally, we apply additional cuts on the kinematics and the event topology.
Forward Jet Tagging
The jets are ordered in E T after the corrections have been applied. The first two tag jets should be energetic, so we require E T 1 > 50 GeV and E T 2 > 30 GeV. Fig. 2 shows the rapidity separation |∆η| between these two most energetic jets, for the signal(a) and the backgrounds(b-d). It is clear that the jets for signal events are well separated in rapidity, and we apply the cut |∆η| > 4.2. We also make sure that they fall in opposite laboratory hemispheres by requiring η 1 · η 2 < 0.
Central Jet Veto
In the signal process, there is no color exchange between the protons, and consequently any additional jets will tend to be radiated in the forward direction. In contrast, the backgrounds will tend to have additional jets in the central region, especially the ttj process. We take advantage of this distinction by vetoing events with additional jets in the central region. In particular, we consider any jet with E T 3 > 20 GeV and compute the rapidity with respect to the average of the two forward jets:
We veto the event if |η 0 | < 2. See Fig. 3 for distributions of both signal and background. The probability to find a fake jet from pile-up events for low luminosity LHC running is shown in Fig. 4 as a function of the E T threshold for the central jet veto. The fake rate is defined as the rate for pile-up jets satisfying the central jet veto condition in an event where there are no real jets satisfying those conditions. Therefore, the fake rate is just the rate of events mistakenly rejected due to pile-up. The loss of events for a E T threshold of 20 GeV is only about 2%.
The effect of the E T threshold for the central jets on the final cross sections and significances for the 120 GeV signal and for the background are displayed in Fig. 5 . Here, the significance is defined as S/ √ B, where S and B represent the numbers of signal and background events.
Lepton Kinematics
We require two opposite-sign leptons in an event. The most energetic lepton must have p T 1 > 20 GeV, and the other, p T 2 > 10 GeV. The p T -threshold for the second lepton must be low since one of the two W 's in the Higgs decay is off the mass shell for low Higgs masses. Fig. 6 shows the p T spectra for electrons in the signal process (M H = 120 GeV). We reject events with more than two leptons. The two leptons must be well separated from all jets with ∆R ℓj > 0.7. In light of the thresholds for the electron triggers, we modified our p T requirements slightly in the di-electron
channel. An event is selected if it has two electrons which satisfy:
Since the leptons come from the W 's that come from the centrally-produced Higgs boson, we require them to be central. If η hi is the forward-tag jet having higher-rapidity, and η lo is that of the lower-rapidity forward-tag jet, then our requirement can be written η lo + 0.6 < η ℓ < η hi − 0.6.
This condition must be satisfied by both leptons. Fig. 7 shows the distributions of the related quantity, η
This quantity is sensitive to the η distribution of leptons with respect to the forward tag jets.
Further Kinematic Requirements
After the forward-jet tag, the central jet veto, and the lepton kinematics cuts, we are left with a sample which still has a large contamination from background processes.
We can further reduce this contamination with some additional kinematic cuts.
First, we require the di-jet mass to be greater than 600 GeV (see Fig. 8 ). Next, we look at the overall p T -balance in the event, by computing the vector sum of the transverse momenta of the two leading jets, the leptons, and the missing energy. The magnitude of that sum should be less than 40 GeV (see Fig. 9 ).
When it comes to the leptons, we require a di-lepton mass M ℓℓ < 80 GeV (see Fig. 10 ). This value is lower than the Z-mass, so that leptonic Z-decays do not affect the current analysis. A useful distinction arises in the rel- ative azimuthal angle of the two leptons due to the spin-0 nature of the Higgs boson (see Fig. 11, 12 ). We take advantage of this discriminant and require ∆φ < 2.4 radians.
Finally, we require that the "W W transverse-mass" be not too high when looking for Higgs bosons with mass below 150 GeV. The cut is that M T,W W < 125 GeV, where Fig. 13 and 14 for distributions of this quantity.
Additional Cuts
Additional cuts may be required in order that bbjj and τ τ jj backgrounds not pose a problem. The additional cuts 57.3∆φ(ℓℓ, E T ) + 1.5p
Higgs T > 180 and 12 × 57.29∆φ(ℓℓ, Finally, we impose the cut ∆φ(ℓℓ, E T ) + ∆φ(ℓℓ) < 3 radians, which increases the signal-to-background ratio. is seperately shown in Tables 4-6 . Work is in progress to confirm their effect after full detector simulations.
Results
The total accepted signal cross-sections range from about 0.8 fb up to 7.2 fb, depending on the Higgs mass. They are listed in Table 2 . The contributions from the e + e − and µ + µ − channel are very similar, and the e ± µ ∓ channels are twice as large due to branching ratios. The total efficiency is 3-6%, depending on m H . The background crosssections are somewhat larger, and there are two background values corresponding to the "low-mass" and the "high-mass" cuts -see Table 2 .
We computed the significance S cP of an excess of events over the ttj and is the probability calculated assuming a Poisson distribution with N B background events to observe equal or greater than a total number of signal and background events (N S + N B ), converted to an equivalent number of sigmas for a Gaussian distribution [15] . The code to calculate S cP is taken from Ref.
[16].
The background uncertainty is included in the calculation. This uncertainty comes from the statistical error in the background estimation and amounts to about 12% at 10 fb −1 , 7% at 30 fb −1 and 4% at 100 fb −1 . See Section 5.1 for a discussion of the background estimation.
The results are summarized in Table 3 . Even for a Higgs mass as low as 130 GeV, a 5σ signal can be obtained with a reasonable integrated luminosity. For higher Higgs masses, a very strong signal would be expected, and prospects for a measurement of the cross section for GeV. For the jets with E T ∼ 20 GeV, the cross-section un- certainty after jet correction is about 10%. We re-computed all yields after scaling the raw jet energies up and down by 10%. In general, signal and background yields correlate, so the impact on the significance with a 10% jet energy scale uncertainty is less than ∼ 8 − 10% at 30 f b −1 .
We also tested our results for the significances to errors in the E T scale. Increasing the E T scale by 10% decreases the significance by 9 -11%. Decreasing the E T scale by 10% increases the significance by 0.3 -3.4% depending on m H . This is a systematic uncertainty on the signal cross section.
We also used the Pythia event generator for our signal as an alternative to MadGraph. For m H = 120 GeV , the significance obtained with Pythia is higher by 30% for a luminosity of 100 fb −1 , while for m H = 160 GeV , it is higher by 10 %. We found that the production cross-section depends on the choice of scale (renormalization scale×factorization scale) for the ttj background. The ttj cross-section is 736.5 pb as reported in Table 1 , with the definition of the scale It should be pointed out that the statistical significance of our analysis is generally a factor of ∼ 2.6-3.2 lower than the significance reported in the study for the ATLAS detector [5] . There are several reasons for this difference.
First of all, the ttj cross-section used in Ref [5] is smaller than the cross-section we use by about a factor of 0.7.
Furthermore, the ATLAS study includes the gluon-gluon fusion channel for Higgs production which increases the signal by about 10%. Another important difference between the two analy- is ∼ 9-14% higher for the same number of signal and background events. If the number of background events is reduced, the apparent improvement in the significance increases more dramatically than for our measure of significance. Thus the uncertainty of ∼ 9-14% should be taken as a lower limit for this particular factor. Considering all of the above, the differences between our results and those reported in Ref. [5] can be understood. Nonetheless, these considerations show that there still are uncertainties in the modelling of this channel which should be investigated by both experiments.
Background Estimation from the Data
For the Higgs masses considered here, there is practically no signal with M ℓℓ > 110 GeV -see Fig. 10 . For the present discussion we define this as the signal-free region. 
Sensitivity to the Higgs Mass
The above significance estimates are for a pure"counting experiment". We can, in addition, use the information con- 
Conclusions
We have presented an analysis meant to isolate a discov- 
